Background {#Sec1}
==========

Hirschsprung's disease (HD) is a rare cause of constipation in infants that is microscopically characterized by congenital absence of GCs in a variable extension mainly affecting the rectum and sigmoid colon. HD has a prevalence of approximately 1:5000 in newborns. Male babies are more frequently affected, with a ratio of 4:1 (male:female) \[[@CR1]\]. A register-based study has described a slight increase in incidence over the recent years \[[@CR2]\]. The clinical symptoms of HD comprise severe chronic constipation, ongoing defecation problems and occasionally bowel obstruction. Most newborns with HD present with a delayed meconium passage \[[@CR3]\]. In infancy, a postnatal passage time of longer than 24--48 h combined with defecation problems is clinically suggestive for HD \[[@CR4]\]. The treatment of choice for HD is the surgical resection of the affected aganglionic segment. The transition zone, which is only partially populated by GCs, should also be resected. The operation technique should preserve the anorectal function, which is usually achieved by connecting the distal functional bowel with the sphincter muscle at the area of the dentate line \[[@CR5]\]. Despite proper surgical treatments, the quality of life may remain negatively affected during childhood \[[@CR6]\]. Most cases of HD occur sporadically, nevertheless, genetic causes of this disorder have been identified \[[@CR7], [@CR8]\]. The most frequent mutations affect the *RET* gene that codes for a receptor tyrosine kinase \[[@CR9]\]. Approximately 50 different *RET* mutations have been reported in HD patients, accounting for 50% of familial cases of HD and 15 to 20% of sporadic cases of HD \[[@CR7]\].

The diagnosis of HD is histopathologically confirmed by the absence of GCs in the enteric plexus of the distal rectum (usually several biopsies ranging between 1 and 6 cm above the dentate line \[[@CR10]--[@CR12]\] via either superficial suction \[[@CR13]\] or a full-thickness (transmural) specimen \[[@CR14]\]). Intraoperative diagnostics to detect GCs is most frequently based on the hematoxylin and eosin (H&E) staining of cryosections. This method can be combined with enzyme histochemistry for (i) the assessment of cholinergic nerve fibers using acetylcholinesterase (AChE) \[[@CR15]\] and (ii) the detection of ganglion cells via lactate dehydrogenase (LDH), succinate dehydrogenase (SDH), and NADH tetrazolium reductase reactions (NADH) \[[@CR16], [@CR17]\]. Although average values exist concerning the number and distribution of ganglion cells in normal intestines and intestines affected by HD \[[@CR18]\], these values are highly dependent on the staining method \[[@CR14]\]. Histopathologically, the diagnosis consists of an absence of GCs and the presence of hypertrophic AChE-positive nerve fibers, however little is known about the correlation of the GC distribution pattern and the cholinergic innervation HD cases. Therefore, in the current study, we aimed at analyzing both the extent and distribution pattern of cholinergic innervation in the mucosal layer in relation to the density of GCs in the myenteric plexus in a cohort of 14 HD patients.

Methods {#Sec2}
=======

Patient data {#Sec3}
------------

HD patients who were included in this retrospective, monocentric study underwent transanal pull through (TAPT) surgeries at the Department of Pediatric Surgery, University Hospital Frankfurt/Main, Germany. In all cases, the diagnosis of HD was confirmed by transanal rectal biopsies prior to TAPT surgeries. The specimens (for detailed information please see Table [1](#Tab1){ref-type="table"}). were independently reviewed by at least two experienced neuropathologists (AKB, PNH, MM) from the Institute of Neurology, according to the diagnostic criteria that were proposed by Knowles \[[@CR19]\]. Patients with long-segment diseases were excluded from this study. The ages at the time of the surgeries ranged from 28 days to 25 months (mean age: 6.5 months). The study cohort consisted of 11 male (m) and 3 female (f) patients. Table 1Sample dataIDlength of aganglionic segment/ total length (cm)swiss rollTZ 0 cmTZ 5 cmTZ 10 cmTZ 15 cm**1**7/17XXXX**2**6/16XXXX**3**11/25XXXX**4**5/17XXXX**5**4/12XXX**6**13/30XXXXX**7**15/32XXXXX**8**13/25XXX**9**9/19.5XXX**10**12/17X**11**7/25X**12**28/43X**13**n.a./12.5X**14**16/29XXXXAbbreviations: *X* specimen available, *n.a.* not available

Ethical statement {#Sec4}
-----------------

The parents of the patients gave written informed consent for the surgery. The use of patient material was approved by the ethical committee of the Goethe University Frankfurt, Germany (GN 438/19).

Sampling {#Sec5}
--------

Partial colectomy specimens were examined and measured (*n* = 14). Additionally, each resected bowel segment was macroscopically analyzed with regard to the changes in diameter in the zones of bowel obstruction. The length between the proximal resection margin and the beginning of the dilated colon was documented **(**Fig. [1](#Fig1){ref-type="fig"}a**)**. Swiss roll specimens were prepared according to the following guidelines. First, from each of the entire rectosigmoidal specimens, a longitudinal, 0.5--1 cm wide strip was excised in paramedian orientation to the antimesocolic tenia. Afterwards, the strip of the intestinal wall was coiled in caudocranial orientation \[[@CR20]\] in cryogel (Tissue Tek O.C.T., Sakura, Alphen aan den Rijn, Netherlands) attached to a cork plate and snap frozen (see below). Swiss rolls were then used to analyze the overall innervation pattern. The "serial biopsies" (referring to the specimens from the transition zone (TZ): TZ 0 cm, 5 cm, 10 cm and 15 cm) were prepared as follows: the beginning of the change in the diameter was defined as the beginning of the transition zone and referred to as TZ 0 cm. A horizontal incisional antimesocolic biopsy of approximately 3 cm × 1 cm was excised at 0 cm. Further rostral biopsies were performed at 5 cm, 10 cm and 15 cm (TZ 5 cm, TZ 10 cm, TZ 15 cm) **(**Fig. [1](#Fig1){ref-type="fig"}a**)**. The biopsies were fixed in cryogel on the cryostat specimen holder. All specimens were frozen at − 80 °C in isopentane, which was precooled in liquid nitrogen. Then, 15-μm-thick sections were cut with a manual cryostat system (Leica CM 1900, Wetzlar, Germany). Fig. 1Sampling and study design. **a** Intraoperative aspect of rectosigmoid colon during TAPT procedure. There was a notable change of diameter at the beginning of TZ (TZ 0 cm). White lines mark the biopsy sites at 5, 10 and 15 cm proximal to the beginning of the transition zone (TZ 0 cm). (Asterisk indicating aboral/distal end of colon, arrowhead the oral/proximal resection region). **b** Swiss roll specimens stained for H&E, AChE, NADH and LDH (asterisk and arrowhead as described in (a)). **c** First, we analyzed the swiss rolls of the full-length specimens and located areas with each of the four grades of the AChE-Score. In the same region, we counted GCs. **d** Second, we analyzed the specimen TZ 0, 5, 10 and 15 cm for their respective AChE-Score (AChE) and counted the GC/mm in the corresponding area (NADH)

Staining and enzyme histochemistry {#Sec6}
----------------------------------

Cryosections were stained with H&E, NADH reaction, LDH reaction and AChE reaction, according to standard protocols **(**Fig. [1](#Fig1){ref-type="fig"}b**)**. The incubations were performed at 37 °C for 120 min (NADH), 45 min (LDH) and 90 min (AChE). Stained sections were mounted in Entellan (Merck Millipore, Darmstadt, Germany).

Scoring {#Sec7}
-------

Before performing semi-quantitative and quantitative analyses, a joint training was done to reduce inter-observer variability (AKB, PNH, MM). In case of doubt during quantification, a joint analysis was performed until agreement was reached. A semi-quantitative scoring system was applied to evaluate the pathological cholinergic innervation in the mucosal layer **(**Fig. [1](#Fig1){ref-type="fig"}c, d**)**. The four grades of the AChE score were defined as follows: score 0, no AChE-positive nerve fibers in the mucosal layer **(**Fig. [2](#Fig2){ref-type="fig"}a, e**)**; score 1, mild positivity (1 fiber per crypt within the lamina propria mucosae (LP)) **(**Fig. [2](#Fig2){ref-type="fig"}b, f**)**; score 2, moderate positivity (up to 2 fibers per crypt) **(**Fig. [2](#Fig2){ref-type="fig"}c, g**)** and score 3, strong positivity with 3 or more fibers per crypt **(**Fig. [2](#Fig2){ref-type="fig"}d, h**)** in the LP. GCs were counted within the myenteric plexus using NADH enzyme histochemistry **(**Fig. [3](#Fig3){ref-type="fig"}**).** Fig. 2AChE scores of cholinergic innervation in the lamina propria mucosae. Representative areas of the mucosal layer with cholinergic innervation. Score 0: absence of AChE-positive fibers (**a**, **e**); score 1: mild cholinergic innervation (**b**, **f**), score 2: moderate cholinergic innervation (c, g); and score 3: severe cholinergic innervation (**d**, **h**). Scale bar a-d 200 μm; e-h 100 μmFig. 3Ganglion cell count in the myenteric plexus. **a** and **b** Healthy bowel areas with normal GC density. Dashed lines indicating GCs. **c** and **d** Classic HD pathology with complete absence of GC. NADH. Scale bar **a**, **c**: 500 μm; **b**, **d**: 100 μm

Based on the AChE scoring, two different analyses were performed. First, we determined the number of GCs/mm in the NADH stainings in areas corresponding to each distinct AChE score in the swiss roll **(**Fig. [1](#Fig1){ref-type="fig"}c**.** For raw values see Supplementary Table [1](#MOESM1){ref-type="media"}**)**. In most specimens, areas meeting each grade of the AChE score were present. For the second analysis, transition zone samples were analyzed for AChE scores, as well as for the number of GCs/mm in the corresponding area **(**Fig. [1](#Fig1){ref-type="fig"}d**.** For raw values see Supplementary Table [2](#MOESM1){ref-type="media"}**)**. The length of the myenteric plexus segment was determined by an open polygon line using image analysis software analySIS docu (Olympus, Hamburg, Germany). Depending on the quality of the specimens, the amount GCs in a segment of 20--40 mm were counted. Absolute GC count was then normalized to the length of the respective myenteric plexus segment to compare GC density in GC/mm. The imaging and evaluation were performed using a light microscope (Olympus BX41) at a magnification of 40x (length) or 400x (cell count).

Statistical analysis {#Sec8}
--------------------

For statistical analyses, we used single case overlay diagrams (Fig. [4](#Fig4){ref-type="fig"}b). Significance levels were calculated by using an ANOVA and Tukey's test (Fig. [4](#Fig4){ref-type="fig"}a, c, d**)**. A significance level of α = 0.05 was determined for all tests. Statistical analyses were performed by using the JMP 11.0 software (SAS, Cary, NC, USA). Fig. 4Analysis of the Swiss Role and AChE score and GC distribution in HD transition zone. **a** GCs/mm in areas assigned to AChE score 0 to 3 in the full length swiss roll preparations. **b** Single case overlay diagram. GCs/mm per AChE score are grouped according to AChE-Score 0 to 3 in a. In 4 cases no areas with score 0 were detectable. **c** Cholinergic innervation as measured by the AChE Score and **d** GCs/mm in the TZ samples (TZ 0 cm, 5, 10 and 15 cm) (\*: *p* \< 0.05; \*\*: *p* \< 0.01; \*\*\*: *p* \< 0.001)

Results {#Sec9}
=======

AChE score negatively correlated with ganglion cell count {#Sec10}
---------------------------------------------------------

In areas with no AChE-positive nerve fibers in the mucosal layer (score 0; Fig. [5](#Fig5){ref-type="fig"}a-c), a median of 17.8 GCs/mm (min.: 0.9; max.: 35.4) was observed. In areas with mild AChE positivity (score 1), a median of 5.8 GCs/mm was counted (min.: 0; max.: 47.2). In areas with moderate AChE positivity (score 2), a median of 0 GCs/mm (min.: 0; max.: 2.0) was counted. In areas with severe AChE positivity (score 3; Fig. [5](#Fig5){ref-type="fig"}d-f), a median of 0 GCs/mm (min.: 0; max.: 0.8) was observed. There were significant differences in the GC counts when comparing scores 0 vs. 2 and 0 vs. 3 (each *p* \< 0.001) as well as scores 1 vs. 2 and 1 vs. 3 (each *p* \< 0.01) (Fig. [4](#Fig4){ref-type="fig"}a). Fig. 5Discrepancy of ganglion cell count in areas with normal appearing AChE distribution. In general, an AChE score 0 (**a**) corresponded to GC population counts as described in \[[@CR17]\] (**b** and **c**), while an AChE score 3 (**d**) corresponded to the absence of GCs (**e** and **f**). However, case ID 5 showed no cholinergic innervation (AChE score 0, **g**) associated with absence of GCs (**h** and **i**). Scale bar a, d, g 200 μm; b, e, h 1000 μm; c, f, i 100 μm

Low AChE score values were associated with a high number of ganglion cells, but the absence of pathological cholinergic innervation was not a reliable indicator for a regular ganglion cell count {#Sec11}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Moderate or severe pathological cholinergic innervation in the LP was associated with complete absence of ganglion cells in the myenteric plexus **(**Fig. [4](#Fig4){ref-type="fig"}b and Fig. [5](#Fig5){ref-type="fig"}g-i**)**. However, the absence of or presence of only very few AChE positive fibers in the mucosa did not assure a regular GC distribution in all cases. In 4 out of a total of 14 resection specimens, there were no areas detected that could be assigned to an AChE score "0". Furthermore, there were two cases with clear aganglionosis at the aboral resection margin, however showing no sign of pathological cholinergic innervation (AChE score 0) in the respective segment (exemplarily Case ID 5, Fig. [5](#Fig5){ref-type="fig"}g-i). The colonic areas with mild cholinergic innervation corresponding to an AChE score of "1" still exhibited a considerable variation in the GC counts, with variations between 1.4 GCs/mm (Case ID 7) and 47.2 GCs/mm (Case ID 2) **(**Fig. [6](#Fig6){ref-type="fig"}**)**. Fig. 6Variation of ganglion cell distribution in cases with similarly pathological AChE reaction. Three cases with AChE Score 1 are shown (**a**-**c**: Case ID 2, **d**-**f**, Case ID 13, **g**-**i**, Case ID 7). While the amount of pathologic cholinergic innervation is comparable, GC counts per mm varies from 1.4/mm (**h**-**i**, Case ID 7) to 47.2/mm (**b**-**c**, Case ID 2). Scale bar a, d, g 200 μm; b, e, h 1000 μm; c, f, i 100 μm

AChE scores did not continuously decrease in the transition zone {#Sec12}
----------------------------------------------------------------

Serial biopsies from the defined areas within the transition zone were collected **(**Fig. [1](#Fig1){ref-type="fig"}a and d**)**. Depending on the available material and the lengths of the resected specimens, the sample counts varied (TZ 0 cm: *n* = 10; TZ 5 cm: *n* = 11; TZ 10 cm: *n* = 9 and TZ 15 cm: *n* = 2). The evaluation of the pathological cholinergic innervation in the transition zone specimens revealed a median AChE score of 2 at TZ 0 cm (min.: 0; max.: 2), a median score of 1 at TZ 5 cm (min.: 0; max.: 1), a median score of 1.5 at TZ 10 cm (min.: 1; max.: 2) and a median score of 0.5 at TZ 15 cm (min.: 0; max.: 1). The decrease between TZ 0 cm and TZ 5 cm and the increase between TZ 5 cm and TZ 10 cm were both significant (*p* \< 0.05) **(**Fig. [4](#Fig4){ref-type="fig"}c**)**.

Ganglion cell counts increased in the proximal region of the transition zone and remained stable rostrally {#Sec13}
----------------------------------------------------------------------------------------------------------

The GCs/mm were counted in the transition zone biopsies. At the most distal point of the transition zone (TZ 0 cm), a median of 0 GCs/mm (min.: 0; max.: 5.2) was observed. At TZ 5 cm, a median of 21.8 GCs/mm (min.: 4.3; max.: 39.8) was counted. At TZ 10 cm, a median of 26.6 GCs/mm (min.: 7.0; max.: 54.4) was observed. Finally, at TZ 15 cm, a median of 32.1 GCs/mm (min.: 18.5; max.: 45.7) was counted. There was a significant increase in the the number of GCs/mm between 0 cm and 5 cm (*p* \< 0.01) and between 0 cm and 10 cm (*p* \< 0.001) **(**Fig. [4](#Fig4){ref-type="fig"}d**)**. Regarding the differences between the other samples (TZ 5 cm to TZ 10 cm and TZ 10 cm to TZ 15 cm), there was a statistically nonsignificant trend of increasing GC counts, with the difference being the smallest between TZ 10 cm and TZ 15 cm (however, only *n* = 2 for TZ = 15 cm).

Discussion {#Sec14}
==========

In our cohort of 14 HD patients, we assessed the extent of cholinergic innervation in the lamina propria mucosae by AChE scoring, and the number of GCs in colonic biopsies over a maximal length of 15 cm (extending from the proximal area to the beginning of the macroscopically defined transition zone).

The amount of GCs was in a similar range to those amounts reported by Meier-Ruge and Brunner \[[@CR17]\]. By using LDH stainings, 7--11 GCs/mm in dys−/or hypoganglionic colon segments, as well as 14.5 GCs/mm in unaffected colon tissues, were reported \[[@CR17]\]. Our slightly higher cell numbers may be related by the different staining protocol (NADH instead of LDH). Depending on the staining method as well as the inter-observer variability, GC counts can vary considerably \[[@CR14], [@CR21]\]. Swaminathan et al. summarizes the variation of cell counts depending on the staining method ranging from 5 to 756 GCs/cm \[[@CR21]\]. Even with laborious counting of the entire circumference, patient-to-patient variation remained very high \[[@CR22]\], suggesting that either significant variation in myenteric GC density is normal or variation in technical factors (e.g., stretch) might be relevant \[[@CR21]\]. The question whether the dilatation of the transition zone and the oral part of healthy gut leads to neuronal death or whether a reduced cell count is the result of dilatation and stretching (the same amount of CGs distributed in a wider circumference) remains unsolved. During TAPT surgery, longitudinal stretching seems to be more prominent than intravital circumferential stretching, which is difficult to assess. Another factor is tissue shrinking during the embedding process, which is well known from FFPE tissue. This can be neglected in cryoconserved material as in our case. Current literature reflects on the disrupted craniocaudal migratory behaviour of the GCs -- and a locoregional partial phenotype which leads to the reduced amount of GCs in the transition zone rather than technical factors \[[@CR23]\]. Additionally, the work by White and Langer nicely corroborates the findings on circumferential GC count differences \[[@CR22]\]. Swaminathan and Kapur examined this issue in non-HD cadaveric specimens and found that almost the entire circumference of 5 transverse sections from a single sample had to be counted to get an accurate estimate of GC density \[[@CR21]\]. Nevertheless, all published staining and counting techniques were reported to have high sensitivity and specificity in an experienced laboratory with accuracy rates as high as 99% \[[@CR14]\]. Conventional staining techniques do however not discriminate between GCs and glial bystander cells in the ganglia, which may result in further variation that is caused by inadequate GC identification.

Our surgical specimens were sampled in a longitudinal orientation (from aboral to oral) and the beginning of the TZ was macroscopically defined based on the end of the constricted gut. Two phenomena may affect GC counts: (a) concerning the circumference, some authors have observed a varying, uneven distribution of the GCs in the gut wall (see discussion above) \[[@CR21]\] and (b) the beginning of the TZ ("0 cm TZ biopsies"). "0 cm TZ" in our study was macroscopically defined thereby still mainly showing aganglionic bowel segments. In contrast, defining the beginning of the transition zone based on microscopic criteria, a "5 cm TZ biopsy" might be randomly located at 0--5 cm from the aganglionic segment boundary. To reduce the impact of these uncertainties, further research studies should consider an evaluation of intervals that are shorter than 5 cm. As expected from normal embryonic development, our samples showed a longitudinal increase of GCs in oral direction. We found significant changes in the transition zone between TZ 0 cm and TZ 5 cm, followed by a trend of increasing GCs in more proximal zones. Kapur analyzed the relationship between the length of the partially aganglionic transition zone, compared to the length of the aganglionic segment, in 59 patients and stated that, excluding the very long aganglionic segments, the hypoganglionic transition zone was consistently less than 5 cm in length \[[@CR24]\]. Nevertheless, there were significant methodological differences in the study design: the criteria used for the diagnosis of myenteric hypoganglionosis on H&E-stained paraffin sections were descriptive and designed to detected only moderate-to-severe hypoganglionosis \[[@CR21]\]. Despite these formal differences and limitations regarding to low number of specimens in our study, our results suggest a relatively longer transition zone with still slightly increasing GC counts in areas TZ 10 and TZ 15.

In our study, high AChE score values (score 2/3) were only observed in aganglionic bowel. Absent or low AChE score values (score 0/1) were mostly associated with a high number of GCs, but the absence of cholinergic innervation did not prove a normal innervation. Mild cholinergic innervation has been described in rectal biopsies from patients who did not suffer from HD, possibly because mild cholinergic innervation is part of the normal variation. Little is known about mild persistent cholinergic innervation in the LP in HD patients. It is possible that rare AChE-positive neurites also resolve with the maturation of the child or persist as a normal variant in older children or adults. Finding rare AChE-positive neurites protruding into the LP is described to be a relatively common finding in suction biopsies from pediatric patients who do not suffer from Hirschsprung disease \[[@CR25]--[@CR28]\]. Our findings question that a low amount of remaining AChE positive fibers (AChE score 1) has to be considered as a reliable pathological feature in HD patients. No significant correlation was observed between ganglion cell density and absent (AChE score 0) versus AChE score 1, which extended up to 15 cm proximally to the aganglionic segment. In four cases, we did not identify an area with an AChE score of 0. In these cases, some degree of cholinergic innervation remained, despite a resection margin of up to 15 cm proximal from the TZ. The lack of correlation between ganglion cell density and low AChE score may be based on the variables discussed above: variability in ganglion cell counts, different staining protocols, inter-observer variability, tissue stretching and others, or, alternatively, because AChE score 1 might be part of the normal variation. In our study, we exclusively evaluated transmural biopsies for both initial diagnosis as well as during definite surgery, while in other centers, mucosal or submucosal biopsies may be performed, thus resulting in the risk of insufficient tissue being collected for definite diagnostics \[[@CR15]\]. Because no definite abnormal cholinergic innervation pattern (AChE score 2/3) was found in the hypoganglionic bowel of most HD patients, mucosal AChE activity alone should not be used to define the proximal transition zone.

Nevertheless, the definition of the end of the transition zone and the beginning of the normal colon by the use of GC count cut-off values may not lead to improved surgical patient outcomes, with respect to the inter-observer variability and methodological differences. Based on our results, both mucosal and submucosal tissues should be evaluated, however the choice of the resection margins requires further interdisciplinary discussions.

Conclusion {#Sec15}
==========

In our study, we examined the relationship between the amount of cholinergic mucosal innervation and the density of myenteric ganglion cells in resected intestinal specimens from HD patients. Although we identified an association between absent GC counts (aganglionosis) and moderate or high AChE activity, no statistically significant correlation between AChE activity and ganglion cell counts in proximal, ganglionic intestinal segments could be established. Thus, the presence of sparse cholinergic nerves in the mucosa is not a reliable marker of myenteric hypoganglionosis and transmural biopsies are essential to quantify ganglion cells to exclude non-AChE-related features of transition zone. Our data support the high validity of transmural colon biopsies for HD diagnostics especially for cases lacking one of the classic features and highlights the necessity of a close collaboration between pediatric surgeons and (neuro)pathologists.
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**Additional file 1: Table S1**. GC count and length of corresponding MP segment according to AChE score (Swiss Role specimen). **Table S2**. AChE score, GC count and length of the corresponding MP segment in the transition zone
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